primarily through the ubiquitin/proteasome system (reviewed by Hochstrasser, 1996 
. In Vitro Ubiquitination with Recombinant E1, E2, and E3 Enzymes (A) Expression and purification of enzymes. Recombinant E1 (UBA1), E2 (UBC4), and E3 (UFD4) proteins were produced in baculovirus-infected insect cells and purified by conventional chromatography methods and affinity purification on ubiquitin-Sepharose. Coomassie-stained gels of the purified proteins are shown. The migration position of molecular weight markers is indicated. (B) Enzyme requirement for ubiquitination of a UFD substrate in vitro. Ubi-GST was 35 Slabeled in E. coli and purified via glutathioneSepharose (lane 1). Ubiquitination assays were done with the combination of enzymes indicated using purified enzymes (lanes 2-5) or crude extracts of insect cells expressing the respective clones (lanes 6-9). Crude E3 fractions apparently contain significant levels of insect UBC4. After separation by SDS-PAGE (9%), reaction products were visualized by autoradiography. The migration position of the fusion protein and its ubiquitinated derivatives (indicated by a chain of filled circles) are indicated. (C) Time course of in vitro ubiquitination. As in (B), 35 S-labeled Ubi-GST was subjected to in vitro ubiquitination using crude extracts of insect cells, expressing the respective enzymes. After incubation for the times indicated, aliquots of the reaction were removed and the reaction was terminated by the addition of SDS-PAGE sample buffer.
enzyme UBA1 (McGrath et al., 1991), the E2 enzyme

UFD2 Is a Novel Ubiquitin Conjugate-Binding Protein
The previously identified multiubiquitin chain-binding UBC4 (or its isozyme UBC5; Seufert and Jentsch, 1990; Johnson et al., 1992) , and the E3 enzyme UFD4 (Johnson protein RPN10 (formerly known as MCB1 or SUN1) prefers chains that are longer than those generated by our et al., 1995). We reasoned that UFD substrates are particularly suited to study mechanistic aspects of ubiquitiin vitro ubiquitination system (van Nocker et al., 1996). Thus, we wondered whether additional ubiquitin-bindnation due to the simplicity of their degradation signal and the availability of extensive genetic information ing proteins with different specificities might exist. To identify such proteins, we set up an affinity-based purifiabout this proteolytic pathway (Johnson et al., 1992 (Johnson et al., , 1995 . cation assay in vitro. Ubiquitinated Ubi-GST fusion proteins, and unmodified Ubi-GST as a control, were immoThe UFD substrate we used (Ubi-GST) is a fusion of ubiquitin with glutathione S-transferase (GST) that allows bilized on glutathione-Sepharose. A total yeast cell extract was passed over the two resins, and binding one-step purification of the protein on glutathione-Sepharose beads. The E1, E2, and E3 enzymes, the gene prodproteins were eluted with high salt. SDS-polyacrylamide gel electrophoresis identified an ‫011ف‬ kDa protein that ucts of UBA1, UBC4, and UFD4, respectively, were produced in baculovirus-infected insect cells and purified was significantly enriched in the eluate from the ubiquitin-conjugate column ( Figure 2A ). This protein was isoby conventional chromatography methods ( Figure 1A ). These enzymes were incubated together with the radiolated from a preparative SDS gel, digested with trypsin, and the fragments were analyzed by mass spectrometry. labeled substrate in a buffer containing ATP and ubiquitin. As shown in Figure 1B , the activities of all three
Comparison with the predicted tryptic fragments of the yeast protein database identified this protein as UFD2 enzymes together are required and sufficient for the recognition and ubiquitination of the substrate in vitro.
(data not shown). In fact, UFD2 had been discovered previously in a genetic screen for mutants that stabilize Ubiquitin conjugation proceeded efficiently, but unexpectedly, the majority of conjugates appeared to contain UFD substrates (Johnson et al., 1995) . Its function in the proteolytic pathway, however, has remained unclear. only one to three ubiquitin moieties. Conjugates bearing more than three ubiquitin moieties were generated with To study the binding properties of UFD2 in more detail, we expressed VSV epitope-tagged UFD2 ( VSV UFD2) in greatly reduced efficiency by these enzymes.
The failure to synthesize long multiubiquitin chains yeast. Extracts of these cells were incubated with immobilized ubiquitinated Ubi-GST or with Ubi-GST in a concould be the result of limited enzyme activity in the assay. Therefore, we tested whether prolonged incubatrol reaction, washed, and eluted with SDS. Significantly more VSV UFD2 could be recovered from the column beartion times can drive the reaction to the formation of longer chains. This was apparently not the case, howing the ubiquitinated form of Ubi-GST ( Figure 2B , lane 2), confirming its specificity for ubiquitinated proteins. ever, as a time course study ( Figure 1C ) revealed that after 1 hr, ubiquitin-conjugate formation reached maxiWhen we included an excess of free ubiquitin in our binding assays, no competition was observed (Figure mum levels, yielding conjugates with rarely more than three added ubiquitin moieties. Even when the reaction 2B, lane 3), indicating that UFD2 can discriminate between free ubiquitin and ubiquitin-protein conjugates. was furnished with an additional supply of enzymes or substrates, no significant increase of larger multiubiquiWe also immobilized UFD2 as a GST fusion and allowed ubiquitin-protein conjugates to bind. Since we could tinated species could be detected (not shown). Thus, the limited capacity to generate multiubiquitinated pronot use Ubi-GST as a UFD substrate in this experiment, we used a fusion of ubiquitin with protein A instead teins in vitro is inherently characteristic of the combination of E1, E2, and E3 enzymes used in our assay.
of GST (Ubi-ProtA) for these and subsequent assays.
Interestingly, we found that UFD2 bound all ubiquitinated species with similar affinity ( Figure 2C ). Thus, the good recovery of UFD2 specifically from the ubiquitinconjugate column ( Figure 2B ) probably reflects the larger number of UFD2-binding sites (i.e., ubiquitin moieties) associated with this column. UFD2 thus displays a ubiquitin-binding behavior that is strikingly different from that of RPN10, which has been shown to preferentially bind chains of three or more ubiquitin molecules (van Nocker et al., 1996) . To analyze whether UFD2 also associates with the ubiquitinated form of a UFD substrate in vivo, we used a short-lived fusion of ubiquitin with the bacterial protein ␤-galactosidase (Ubi-Pro␤gal) (Johnson et al., 1992 (Johnson et al., , 1995 . Indeed, when we precipitated Ubi-Pro␤gal from extracts of yeast cells expressing VSV UFD2 with substrate-specific antibodies, a VSV-reactive protein of the predicted size could be detected specifically in cells expressing both proteins, but not in control cells ( Figure  2D ). Thus, UFD2 possesses ubiquitin conjugate-binding activity also in vivo.
UFD2 Functions as a Ubiquitin Chain Assembly Factor, E4
Next we asked whether this novel ubiquitin-binding protein influences the ubiquitin conjugation reaction. Intriguingly, we found that recombinant UFD2 dramatically stimulated the ubiquitination reaction, yielding protein conjugates generated with E1, E2, and E3 enzymes and used these conjugates as substrates in our multiubiquitination assays. As shown in Figure 3D , E4-catalyzed To analyze whether CDC48 plays a role in ubiquitin conjugation, we added extracts of CDC48-overexpresswith ubiquitin (data not shown), indicating that it does not function simply as an activator of one of the other ing insect cells to the complete E4-dependent conjugation assay. As shown in Figure 4C , CDC48 does not ubiquitination enzymes. In contrast to E3s, the E4 protein has no detectable affinity for substrates other than influence the reaction ( Figure 4C ). However, when we examined the influence of a purified fusion protein of those that are already modified by ubiquitin, and the protein itself appears to be unable to form a thioester-CDC48 with maltose-binding protein (MBP-CDC48) on binding of UFD2 to immobilized multiubiquitinated Ubilinked complex with ubiquitin (data not shown). We thus assume that E4 functions primarily through its ubiquitin-GST, a dose-dependent, albeit ATP-independent, inhibition of this interaction was apparent ( Figure 4D) . A simibinding property and that it may influence the linkage between individual ubiquitin molecules ( Figure 3E and lar inhibition of binding was noticed when the interaction was studied using immobilized GST-UFD2 and multiDiscussion).
ubiquitinated Ubi-ProtA (data not shown). From these data, we assume that CDC48 may function after the E4 Interacts with the AAA ATPase CDC48 To initiate studies aimed to define the steps that follow multiubiquitin chain has been completely assembled (see Discussion). the multiubiquitination reaction in the ubiquitin/proteasome pathway, we investigated whether UFD2 interacts with other proteins of the UFD pathway. We observed
E4 Mediates Multiubiquitination In Vivo
To investigate whether initiation and chain assembly no interaction of UFD2 with UFD1, UFD3, UFD4, and the ubiquitin chain-binding protein RPN10 in two-hybrid phases of the multiubiquitination reaction can also be distinguished in vivo, we performed pulse-chase experiassays ( Figure 4A and data not shown) . Intriguingly, however, we found that UFD2 interacts with CDC48 in ments. Similar to previous studies of ufd mutants, we Remarkably, however, in ufd2 cdc48 double mutants, short chains similar to those found in ufd2 single mutants previously, mutants in the genes for the relevant E2 (ubc4 ubc5 double mutant) and E3 (ufd4) enzymes stabiwere detected. Together with our previous in vitro data, this epistasis analysis suggests that CDC48 functions lized the substrate completely, yet a fraction became modified by one-rarely two-added ubiquitin moieties, downstream of the multiubiquitination reaction in the proteolysis pathway. probably by the activities of other E2s and E3s.
When we performed similar experiments with the ufd2 mutant, we observed that the substrate was stabilized with only a few added ubiquitin moieties. A small fraction E4 Function Is Linked to Stress Tolerance Protein degradation by the UFD pathway is not essential of the substrate carried longer multiubiquitin chains, but these were on average notably shorter than those for viability under normal growth conditions (Johnson et al., 1992 (Johnson et al., , 1995 . Mutants in ufd2 exhibit no growth detected with WT cells at early time points of the experiment. These data therefore extend our in vitro finding defect under normal conditions. However, compared to WT cells, they show a significant sensitivity to 6% ethaand demonstrate that E4-catalyzed multiubiquitination is indeed required for the degradation of the substrate nol (not shown). This mutant phenotype was not exacerbated when other mutations in the UFD pathway were in vivo. enzyme thioester cascade. Moreover, in striking contrast to E3s, the E4 protein does not interact with the substrate directly, but apparently with the ubiquitin moieties of ubiquitin-substrate conjugates.
Why the ubiquitination machinery stops after a few cycles in the absence of E4 is not clear at the present time. It could be the result of steric constraints. Depending on the number of ubiquitin moieties in a chain, multimers of ubiquitin are thought to adopt distinct quaternary structures (Cook et al., 1994) , and some of these may prevent further elongation by the E3 enzyme. Binding of E4 may then rearrange this structure in a chaperone-like way that allows optimal recognition by E3. In a variation of this model, the multiubiquitination reaction might be sensitive to the type of ubiquitin-ubiquitin linkage, that is, the identity of the lysine residue of ubiquitin used for the formation of the isopeptide bond. In line the recognition step and are primed for rapid degradaThis reaction is repeated several times, yielding chains tion by modification with a few ubiquitin moieties. It is of sometimes more than ten polymerized ubiquitin molethus conceivable that some of the "monoubiquitinated" cules.
or weakly ubiquitinated proteins previously observed in Reconstituting ubiquitination of a model substrate in vivo, for example histones or actin, are among those vitro, we unexpectedly discovered that the reaction can substrates. Regulating chain assembly may thus probe conceptionally divided into an initiation and a polyvide the cells with an alternative mechanism to selecmerization phase. In the initiation phase of the reaction, tively degrade individual molecules among a pool of which requires E1, E2, and E3 enzymes, the substrate otherwise identical proteins. used in our studies is recognized, but only a few ubiquitin molecules are ligated to the substrate. The synthesis of long multiubiquitin chains, however, requires the same Function of E4 UFD2, encoded by a single copy gene in yeast, is not set of E1, E2, and E3 enzymes, plus an additional ubiquitination factor, which we named E4. Unlike E1, E2s, and essential for viability (Johnson et al., 1995) . Thus, substrates of a UFD2-dependent degradation pathway are some E3s, E4 does not participate in the ubiquitin-supposedly proteins whose stabilization does not interfere with vital functions of the cell under normal growth conditions. Interestingly, however, we found that UFD2-dependent degradation becomes crucial when cells are exposed to stress. Mutants in ufd2 are hypersensitive to ethanol, and ufd2 rpn10 double mutants are severely sensitive to heat and exposure to ethanol, heavy metals, or amino acid analogs. Elevated temperatures and exposure of cells to these reagents are known to affect protein folding, thereby generating elevated levels of aberrant proteins (Jungmann et al., 1993; Hochstrasser, 1996). UFD2's ability to mediate ubiquitin chain elongation is therefore linked to the role of the ubiquitin/proteasome-dependent proteolytic system in abnormal protein degradation. Our finding that ufd2 rpn10 double mutants display synthetic lethality under stress conditions is intriguing, as it suggests an additive or synergistic function of both gene products in the proteolytic stress tolerance pathway. RPN10 exists in a free and a proteasome-bound form and is required for proteasomal targeting of ubiquitinated UFD substrates in vivo (van Nocker, 1996). Thus, it seems attractive to speculate that the ubiquitin chain elongation activity provided by UFD2 assists and amplifies RPN10's role in the reception of multiubiquitinated proteins by the proteasome.
In addition to abnormally folded proteins, substrates of a UFD2-dependent pathway may include proteins that structurally resemble UFD substrates. In fact, eukaryotes express several proteins that harbor ubiquitinrelated domains within their N-terminal regions in analogy to UFD substrates. Examples from yeast are the related proteins RAD23 and DSK2, which are important which are strikingly similar to those of the Hsp70 corespectively. The similarity between these proteins exchaperone HOP. It will be interesting to see whether tends over their entire lengths but is particularly striking this protein recruits ubiquitin-protein conjugates to the within their C-terminal domains. In fact, binding of UFD2 Hsp70 chaperone system. to ubiquitin-protein conjugates is mediated by this conIntriguingly, NOSA, the full-length UFD2 homolog from served domain (data not shown). This strongly suggests Dictyostelium, was recently shown to be required for that these proteins are indeed functional orthologs. In normal differentiation (Pukatzki et al., 1998) . During deaddition to full-length homologs, we identified several velopment, nosA mutants fail to form fruiting bodies and proteins in the database that possess a domain similar arrest as tight aggregates. At this stage, nosA mutants to the highly conserved C-terminal ‫001ف‬ residues of lose collective cell synergy and display a strong cell-UFD2. In these proteins, this domain, which we desigautonomous phenotype. The proteins that are degraded nate the U box (UFD2-homology domain), is flanked by in Dictyostelium by a NOSA/E4-catalyzed pathway are sequences that often represent putative protein-protein interaction domains. An intriguing example is a human presently not known, but the phenotype suggests that 
IB␣ (Dai et al., 1998). It is thus conceivable that IB␣
ml NaCl gradient (40 to 120 mM NaCl). E2 activity peaked in fractions is among those substrates that are degraded by a mechcorresponding to 56 to 72 mM NaCl. These fractions were pooled anism similar to the one described here.
and the buffer was changed to 10 mM Tris (pH 7.5), 10% glycerol, 10 mM ␤-ME by dialysis. The proteins were applied to a 1 ml MonoQ column and eluted by a 22 ml NaCl gradient (0 to 130 mM NaCl) in the same buffer containing 0.01% Triton X-100. One milliliter fracExperimental Procedures tions were collected. E2 peaked around 50 mM NaCl. Five hundred micrograms of the peak was purified over a Superose 12 gel filtration Cloning and Yeast Techniques All strains are derivatives of DF5 (Finley et al., 1985; ura3-52 column (Pharmacia, HR10 30). E2 (UBC4) eluted around 12.5 ml, corresponding to 40 kDa. About 100 g of UBC4 was purified from leu2-3, -112 lys2-801 trp1-101 his3⌬200). The yeast strain HF7c was used for two-hybrid studies and the assay was done as described 250 mg insect cell protein.
E3-expressing cells were lysed, and the E3 protein was prepared (Matchmaker, CLONTECH). The ufd2 knockout strain was a kind gift of Erica Johnson and Alex Varshavsky. RPN10 was amplified as above and stored in buffer A containing 10% glycerol and 0.03% Triton X-100. E3 was detected by the assay described with Ubiby PCR and subcloned into the E. coli vector pBS (pBS-RPN10). An rpn10 deletion construct was made by replacing the AvrII/PstI
ProtA as a substrate. The lysate was filtered (45 m) and passed over a hydroxyapatite column (22 ml). Proteins were eluted with a fragment of RPN10 with the HIS3 gene. The resulting plasmid, pBS-RPN10::HIS3, was used to create the RPN10 knockout strain. 250 ml gradient of KPO 4 (pH 7.0) (0 to 215 mM KPO 4 ) and 5 ml
